Cultured keratinocyte grafts transplanted for skin wound repair are often affixed to a wound dressing to facilitate handling. In this study, the ability of five different types of wound dressings to support cell viability and maintain stem cell populations in the cultured grafts was determined. Postconfluent keratinocyte (NHK) sheets were attached to wound dressings for 24 h and then released by trypsinization. Cell viability was determined and NHKs were assessed for clonogenic capacity by colony-forming efficiency (CFE) assays. CFEs for NHKs exposed to a collagen-bonded, bilaminate membrane and a polyurethane film were significantly less than control. On the other hand, CFEs for NHKs exposed to a collagen/alginate dressing and to petrolatum-impregnated gauze were significantly greater than control. The choice of a wound dressing carrier has implications for maintaining long-term viability of the transplanted sheet of epithelium.
INTRODUCTION
dressings. The most common types available are gauze, hydrocolloid, hydrogel, permeable membrane (often polyurethane), and alginate. Some membranes are com-The technique developed by Rheinwald and Green (19, 20) for the production of cultured epithelial grafts bined with biological components such as collagen. The development of "smarter" wound dressings has allowed has added an important dimension to the science of wound healing. These biological dressings were first physicians to choose dressings for the functions they perform or facilitate in the wound-healing process such prepared from autologously derived skin and used to resurface burn victims (15). Subsequently, however, the as absorbency, control of exudate, sequestering of growth and stimulatory factors found in wound exudates, and hy-technique has evolved to allow the production of cultured allogeneic epithelial grafts, which have success-dration. For example, Chang et al. (4) showed that the influence of keratinocytes on fibroblast behavior in fully been used to repair chronic skin wounds such as venous stasis and diabetic skin ulcers (10, 11, 16) . One wound healing may be facilitated by the hydration and occlusion provided by silicone gel dressings. Madden advantage of using these types of biological dressing is that the cells of the cultured epithelial grafts release cy-et al. (13) compared fine mesh gauze to an occlusive hydrocolloid dressing (DuoDerm  ) and a semiocclusive tokines and growth factors that facilitate wound healing. Rennekampff et al. (18) found that cultured epithelial polyurethane film (Opsite  ) and found a marked increase in keratinocyte proliferation when exudates from sheets release significantly higher levels of TGF-α, IL-6, and IL-8 than cryopreserved cadaveric skin grafts. burn wounds covered with the occlusive and semiocclusive dressings were added to keratinocyte cultures. Like-Each of these factors facilitates wound healing and reepithelialization by either stimulating keratinocyte prolifer-wise, a review by Kannon and Garrett (8) suggested the use of occlusive dressings for the management of acute ation, granulation of the wound bed, inflammatory response, angiogenisis, or keratinocyte migration. and chronic wounds. In addition to specific properties of wound dressings, The fragility of epithelial sheets, however, necessitates the use of a support for handling of the sheet and investigators have examined the toxicity of various dressings on keratinocytes. Cell proliferation (5,21,22) its transfer to the patient's wound. An obvious choice for this support has been commercially available wound and morphology (21,22,24) are common measures.
DEGRAFFENRIED AND ISSEROFF
However, no studies to date have examined the effect of contained cell sheets without a wound dressing. Confluent sheets of NHKs were stapled to the dressings with these different dressings on the proliferative potential of the grafts. The persistence of stem cells in the cultured Liga Clips (Ethicon Endo-Surgery, Cincinnati, OH). Dressing and cell sheets were then turned over so that epithelial graft is necessary if the graft is to have proliferative longevity in the recipient. The current study ad-the basal side of the confluent sheet was facing up. Unsupplemented DMEM (1 ml) was added to each dish, dressed this question by examining the colony-forming efficiency of individual keratinocytes derived from cul-covering both the dressing and the epithelial sheet, and dishes were placed in a 37°C/5% CO 2 incubator for tured keratinocyte sheets affixed to four main types of wound dressings: polyurethane film, collagen/alginate, 24 h. Experiments were repeated three (collagen/alginate, polyurethane film, and hydrogel) or four times hydrogel, and petrolatum-impregnated gauze.
(collagen-bonded bilaminate membrane and petrolatum-MATERIALS AND METHODS impregnated gauze).
Keratinocytes Cell Viability and Colony-Forming Efficiency Assays Neonatal human keratinocytes (NHKs), derived from
After 24 h, the medium was aspirated from the culforeskins, were cultured in Medium 154 supplemented ture dishes containing keratinocyte sheets affixed to with human keratinocyte growth supplement (both from wound dressings. Cells were dissociated with 0.25% Cascade Biologics, Portland, OR) and 1% antibiotic trypsin/1 mM EDTA. An equal volume of DMEM supantimycotic solution (ABAM, Life Technologies, Gaiplemented with 10% FBS was added to each cell susthersberg, MD) as we have previously described (7) unpension and cells were centrifuged. To determine stem til they achieved confluence. NHKs were grown to 1 cell potential, a modification of the colony-forming effiweek beyond confluence in Dulbecco's modified Eaciency assay described by Rheinwald and Green (19) gle's medium (DMEM, Life Technologies) supplementwas used. After centrifugation and aspiration of meed with 10% fetal calf serum (FBS, Gemini Bio-Proddium, cells were resuspended in DMEM supplemented ucts, Woodland CA), 1% ABAM (Life Technologies), for NHKs. An aliquot of these suspensions was diluted l0 ng/ml epidermal growth factor (Biomedical Technolwith trypan blue (Life Technologies) and counted with ogies, Stoughton, MA), 8.3 ng/ml cholera toxin, type the use of a hemacytometer. The viability of cells re-Inaba 569B (Calbiochem, San Diego, CA), and 0.4 µg/ leased from contact with each dressing was determined ml hydrocortisone (Sigma Chemicals, St. Louis, MO). from these counts by trypan blue exclusion. NHKs were Cultured Keratinocyte Grafts plated at a density of 1000 cells per dish onto 35-mm tissue culture dishes containing mitomycin C-treated NHK cultures grown to 1 week after confluence were then released from the dishes with 150 µg/ml protease (Boehringer Mannheim, Indianapolis, IN) 3T3 cells. Medium was changed every 3-4 days. After 2 weeks of type X (Sigma Chemicals) in unsupplemented DMEM. After protease treatment, cultures were rinsed three growth, the medium was aspirated and cells were fixed with Streck Tissue Fixative (Streck Laboratories, Inc., times with phosphate-buffered saline (PBS, Life Technologies). One of the wound dressings was applied (1.5-Omaha, NE) and stained with Rhodanile Blue (1% Rhodamine/0.5% Nile Blue, Sigma Chemicals). Stained col-cm 2 pieces) to cell sheets in each dish, with triplicate dishes for each dressing type. The wound dressings used onies containing 50 cells or more were tallied, and the number of colonies was divided by the number of cells in experiments are described in Table 1 The five wound dressings were used in the experiments. Control cell sheets were not exposed to a wound dressing. plated (10 4 ). That number was then multiplied by a fac-a wound dressing. Dishes were then placed in a 37°C/ 5% CO 2 tissue culture incubator for 24 h. After the 24-h tor of 100 to obtain a value for colony-forming efficiency (CFE). CFE is expressed as percent control in incubation, 1.5-ml medium samples were collected from each dish and transferred to polystyrene tubes (Becton Figure 1 .
Dickinson, and Co., Franklin Lakes, NJ). Each sample 3T3 Cells was analyzed using a trace scan inductively coupled op-These cells were originally cultivated in the laboratical emission spectrophotometer (ICP-OES) instrument tory of Howard Green (19,20) and were graciously sup-(Thermo Jarrell Ash, Franklin, MA), with limits of deplied to our laboratory by Dr. Robert Rice. Cells were tection to 0.1 ppb for both elements (12). cultured in DMEM supplemented with 10% FBS (Gem-RESULTS ini Bio-Products). Cells were treated 1 h with 0.01 mg/
The morphology of NHKs derived from sheets of ml mitomycin C then rinsed three times with PBS before cells attached to all five different types of wound dressuse as feeder cells. For use as feeders, the 3T3 cells ing and plated for CFE assays appeared no different than were released from the culture dish with 0.25% trypsin/ that of cells derived from control sheets of cells, which 1 mM EDTA (Life Technologies) for 10 min, washed had not been attached to dressings. The viability of cells with DMEM containing 10% FBS, and centrifuged.
released from all of the dressings, except one, was ap-Cells were resuspended in DMEM supplemented for proximately 90% (Table 2) . However, the average via-NHKs and then plated onto 35-mm dishes at a density bility of NHKs released from collagen/alginate dressing of approximately 2 × 10 5 cells per dish.
was significantly less than that of cells that had not been Calcium Concentration of Incubation Media exposed to dressing ( p < 0.001).
Combined data from three to four separate experi-To determine the calcium content of medium after exposure to wound dressings, a 1.5-cm 2 piece of each ments revealed a striking difference in CFE between cells exposed to different wound dressings (Fig. 1) . Cells ex-dressing was placed in a 35-mm tissue culture dish with 2 ml DMEM. A control dish contained DMEM without posed to collagen-bonded bilaminate membrane polyure- Figure 1 . A collagen/alginate wound dressing increases recovery of keratinocyte clonogenic cells. Keratinocyte sheets were prepared as described and attached to five different types of wound dressing. Control keratinocyte sheets were not exposed to wound dressing. Colony-forming efficiency was determined for cells released from each dressing type and compared with cells that had not been attached to any dressing (control = 100%). *Value significantly different than control, with p < 0.01. Actual CFE values for control were 0.86 ± 0.09; for the collagen bilaminate 0.32 ± 0.05; for the collagen alginate 1.77 ± 0.16; for the polyurethane film 0.46 ± 0.07; for the hydrogel 0.83 ± 0.10; and for the petroleum jelly-impregnated gauze 1.44 ± 0.13; with an N of 21-30 for each wound dressing. should be evaluated not only for direct cell toxicity, but also for the ability to maintain the proliferative potential of the transplanted cultured keratinocyte graft. thane film had CFEs less than 50% that of control cells A number of investigators have examined the direct ( p < 0.01). CFE of cells exposed to hydrogel was not sigtoxicity of various kinds of wound dressings on keratinnificantly different from that of control (89%). However, ocytes. For example, Dover et al. (5) addressed the cells exposed to collagen/alginate dressing and petrogrowth-promoting effects of wound dressings by examlatum-impregnated gauze significantly ( p < 0.01) exining the total DNA, protein, and thymidine incorporaceeded control cells in CFE (287% control and 195% tion in cells exposed to wound dressings. They found control, respectively). that dressings containing chlorhexidine or charcoal are The concentration of free calcium in the medium in toxic to keratinocytes. Sieber et al. (22) examined multiwhich each graft carrier was incubated for the 24-h test ple wound dressings in contact with composite cultures period was assessed using ICP-OES, which allows for of keratinocytes and fibroblasts and found no significant the detection of trace elements without interference by toxicity of the dressings. This group also evaluated DNA other components in the medium (17) . The medium in synthesis using BrdU incorporation and found that ocwhich the calcium alginate dressing had been incubated clusion of the graft with one type of polyurethane film had the highest calcium concentration: 3.88 mM ( address, and what the current study evaluates, is the efgauze fect of the dressings on the long-term proliferative po-A 1.5-cm 2 piece of each dressing was incubated in DMEM for 24 h at tential of the grafts, which is a function of its stem cell 37°C in a humidified 5% CO 2 environment. Total calcium and magnepopulation. sium levels were determined using ICP-OES, as described in the text. Each value is the mean of three determinations from a single sample.
In 1987 Barrandon and Green (1) reported their find-ings on the proliferative potential of three different clonal graft to support this critical stem cell population within the graft should be an essential part of optimizing the types of keratinocytes: holoclones, meroclones, and paraclones. They suggested that keratinocyte clones with cultured keratinocyte graft procedure. the highest proliferative capacity, holoclones, are in fact carrier material that remains in contact with the cultured
